A variable transmission spectrum single-passband narrowband optical filter is proposed and experimentally demonstrated. It is based on forward stimulated interpolarization scattering (SIPS) in a photonic crystal fiber by applying a differential quadrature phase-shift keying modulation to the pump wave to broaden and shape the SIPS gain spectrum. By choosing the bit rate of the modulation data pattern, a flat-top steep-cutoff optical bandpass filter with a 3 dB bandwidth of 70 MHz and a 10 dB bandwidth of 90 MHz is realized. In addition, a variable narrowband optical notch filter is also realized by attenuation of the pump wave.
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Narrowband tunable optical filters are widely used for the reduction of amplified spontaneous emission noise following optical amplification and for channel selection within dense wavelength division multiplexing networks [1] , as well as in microwave photonic processing setups [2] . Several approaches have been utilized to obtain narrowband optical filters such as, shifting the photonic bandgap [3] , the double-pass modulation technique [4] , all-optical mixing [5] , microring resonator [6] , and stimulated Brillouin scattering in optical fiber [7, 8] . Although stimulated Brillouin scattering in optical fiber is classified as effective tunable filters and considerable efforts have been made recently to improve its performance, it is still challenging to realize a variable transmission spectrum single-passband narrowband optical filter. In this Letter, we propose and experimentally demonstrate a narrowband variable transmission spectrum optical filter. It is based on forward stimulated inter polarization scattering (SIPS) [9] by applying a differential quadrature phase-shift keying (DQPSK) modulation to the pump wave. Forward SIPS can be used to offer high-quality photonic filters because of its inherent narrowband nature. DQPSK modulation with an external optical modulator has a great advantage because the spectrum can be shaped with higher accuracy by external modulation. Results present that by deliberate design the bit rate of the modulation data pattern, shapeadjustable filters with tunable bandwidths extending to several megahertz are realized. Figure 1 shows a schematic diagram of forward SIPS. When copropagating pump (frequency f P ) and Stokes (frequency f S ) waves are colaunched into orthogonally polarized eigenmodes of a weakly birefringent photonic crystal fiber (PCF), a coherent torsional radial acoustic resonance (AR) is driven in the fiber core via electrostriction. The AR frequency is f AR f P − f S . This AR, in Turn, couples optical power from the high-frequency (pump) to the low-frequency (Stokes) mode, resulting in attenuation of the pump wave and amplification of the Stokes wave. When the optical signal is locating at the frequency of pump wave, the notch filter can be obtained. When the optical signal is locating at the frequency of Stokes wave, the bandpass filter also can be achieved. The attenuation of notch filter and amplification of bandpass filter can be controlled simply by adjusting the power of the pump wave. After passing through the PCF, the pump and Stokes waves are orthogonally polarized, and they can be simply separated using a polarizing beam splitter (PBS).
In order to obtain a variable transmission spectrum, we utilized DQPSK modulation to broaden and shape the pump spectrum. DQPSK is a common form of phase modulation that conveys data by changing the phase of the carrier wave. It overcomes the ambiguity of phase comparing with the traditional phase modulation. The phase-shifts are 0, 90, 180, and 90 deg corresponding to data "00", "01", "11", and "10", respectively. The power spectrum of DQPSK can be represented as
where A, f c and B represent the power of carrier wave, the central frequency of carrier wave and the bit rate of the modulation data pattern, respectively. The simulated normalized power spectra calculated for various values of B are depicted in Fig. 2 . The horizontal axis is normalized to f − f c . As shown in Fig. 2 , the shape of the power spectrum changes drastically with the variation of B. It can be seen that the spectrum exhibits almost a trapezoid shape with a flat top. The smaller the value of B, the steeper edge of the trapezoid shape will be. By using such modulated light as the pump wave of an SIPS amplifier, a flat-top steep-cutoff optical filter is easily realized. To demonstrate the principle of operation, the experimental setup of the narrowband variable transmission spectrum optical filter is shown in Fig. 3 . A continuous wave (CW) light source at 1550.04 nm (f 0 193.5 THz) is split into two waves at a 50∶50 fiber coupler. One of these waves is frequency downshifted by an electro-optic single sideband modulator (SSBM) and acts as the Stokes wave. The other wave is fed into two cascade phase modulators (PMs). These PMs are driven with a 2 15 − 1 pseudorandom bit sequence nonreturnto-zero data signal generated by a pulse pattern generator. The data signal are divided into equal two parallel electrical signals by serial parallel transform. One is directly used to drive the first PM (PM1), and the other is utilized to drive the second PM (PM2). The PM1 modulates the phase of optical signal to 0 or π, while the PM2 adds 0 or a π ∕ 2 phase shift. With two PMs, the DQPSK signal has been generated, which plays the role of pump wave. The polarization state and optical power of the two waves are controlled independently by adjusting the polarization controller and the Er-doped fiber amplifier in each optical path. The two waves are then combined at a second 3 dB coupler and launched into the PCF. After passing through the PCF, we utilize PBS2 to filter out the pump wave, and then the device is operated at the stage of bandpass filter.
In the experiment, we used an 11.9 m length PCF with 1.8 μm core diameter (the inset of Fig. 4) . By sweeping the frequency of Stokes wave, setting the bit rate B 1.2 Gbit ∕ s and the power of pump wave P p 10 dBm, detecting the beat wave of the carrier and probe lights, we measured the forward SIPS gain spectrum, as shown in Fig. 4 . We can see that the frequency shift of forward SIPS is f AR 1.505 GHz. So we fixed the frequency of the radio frequency signal applied to the SSBM to Δf f AR 1.505 GHz. Figure 5 shows gain spectra measured when we changed the bit rate B and the power of pump wave P p . It can be seen that the bandwidth and the shape of filter can be adjusted by simply changing B and P p In principle, the proposed technique can realize an arbitrary bandwidth optical filter, which is only limited by the responsivity of equipment employed by the optical transmitter and receiver. In our experiment, when B 200 Mbit ∕ s, P p 8 dBm, we realized a optical bandpass filter with the 3 dB bandwidth of 70 MHz and the 10 dB bandwidth of 90 MHz.
In order to check whether the bandpass filter actually affects the modulated light with a finite bandwidth as shown in Fig. 5 , we transmitted a data signal through the filter and observed its constellation. Observed constellations for different signal bit rates are shown in Figs. 6(a) to 6(d). For comparison, a constellation of a 1.2 Gbit ∕ s signal without the forward SIPS filter was also observed and is shown in Fig. 6(e) . It can be seen that after passing through the forward SIPS filter, When we adjusted the SSBM so that the CW was frequency upshifted and acted as pump wave, the DQPSK signal played the role of the Stokes wave. Then we adjusted PBS2 and filtered out the Stokes wave. With these slight modifications, the device was operated at the stage of notch filter. The results for various modulation cases are shown in Fig. 7 . As shown in the figure, the bandwidth-controllable and the shape-adjustable optical notch filter is realized.
In conclusion, a narrowband variable transmission spectrum optical filter based on forward SIPS in PCF has been experimentally demonstrated. By deliberate design, the bit rate of the DQPSK modulation data pattern, tunable and shape-adjustable bandpass filters, as well as notch filters with bandwidths extending to several megahertz, were realized. This device provides new functionality useful for optical communications and all-optical signal processing systems. This work is supported by the National Natural Science Foundation of China under Grant No. 61178002. 
